The role of genetic inheritance in brain development has been well characterized, but little is known about the contributions of natural environmental stimuli, such as the effect of light-dark cycles, to brain development. In this study, we determined the role of light stimuli in neuronal cell migration to elucidate how environmental factors regulate brain development. We show that in early postnatal mouse cerebella, granule cell migration accelerates during light cycles and decelerates during dark cycles. Furthermore, cerebellar levels of insulin-like growth factor 1 (IGF-1) are high during light cycles and low during dark cycles. There are causal relationships between light-dark cycles, speed of granule cell migration, and cerebellar IGF-1 levels. First, changes in lightdark cycles result in corresponding changes in the fluctuations of both speed of granule cell migration and cerebellar IGF-1 levels. Second, in vitro studies indicate that exogenous IGF-1 accelerates the migration of isolated granule cells through the activation of IGF-1 receptors. Third, in vivo studies reveal that inhibiting the IGF-1 receptors decelerates granule cell migration during light cycles (high IGF-1 levels) but does not alter migration during dark cycles (low IGF-1 levels). In contrast, stimulating the IGF-1 receptors accelerates granule cell migration during dark cycles (low IGF-1 levels) but does not alter migration during light cycles (high IGF-1 levels). These results suggest that during early postnatal development light stimuli control granule cell migration by altering the activity of IGF-1 receptors through modification of cerebellar IGF-1 levels. cerebellar granule cells | light stimulation
The role of genetic inheritance in brain development has been well characterized, but little is known about the contributions of natural environmental stimuli, such as the effect of light-dark cycles, to brain development. In this study, we determined the role of light stimuli in neuronal cell migration to elucidate how environmental factors regulate brain development. We show that in early postnatal mouse cerebella, granule cell migration accelerates during light cycles and decelerates during dark cycles. Furthermore, cerebellar levels of insulin-like growth factor 1 (IGF-1) are high during light cycles and low during dark cycles. There are causal relationships between light-dark cycles, speed of granule cell migration, and cerebellar IGF-1 levels. First, changes in lightdark cycles result in corresponding changes in the fluctuations of both speed of granule cell migration and cerebellar IGF-1 levels. Second, in vitro studies indicate that exogenous IGF-1 accelerates the migration of isolated granule cells through the activation of IGF-1 receptors. Third, in vivo studies reveal that inhibiting the IGF-1 receptors decelerates granule cell migration during light cycles (high IGF-1 levels) but does not alter migration during dark cycles (low IGF-1 levels). In contrast, stimulating the IGF-1 receptors accelerates granule cell migration during dark cycles (low IGF-1 levels) but does not alter migration during light cycles (high IGF-1 levels). These results suggest that during early postnatal development light stimuli control granule cell migration by altering the activity of IGF-1 receptors through modification of cerebellar IGF-1 levels. cerebellar granule cells | light stimulation I t has been suggested that environmental stimuli (such as light, sound, and temperature) play a role in brain development (1) (2) (3) , but little is known about how such stimuli affect the proliferation and migration of neurons. In this study we examined the role of light stimuli in neuronal cell migration. The migration of neurons from their origin to their final destination is an essential process for proper allocation and differentiation of neurons (4) (5) (6) . Deficits in neuronal cell migration can lead to a variety of neurological disorders, such as mental retardation and epilepsy (7) (8) (9) . To date, the question of whether environmental stimuli are responsible for deficits in neuronal cell migration remains to be examined.
To determine the effects of light stimuli on neuronal cell migration, we looked at the migration of cerebellar granule cells in early postnatal mice, because the majority of granule cells migrate after birth in both humans and mice (10, 11) . Even though mice do not open their eyes until approximately postnatal day 12 (P12), it has been reported that light stimuli induce physiological changes well before that time (12) . In early postnatal mouse cerebella, granule cell precursors proliferate actively at the top of the external granular layer (EGL) (13) . After final mitosis, granule cells first migrate tangentially at the middle and bottom of the EGL for 20-30 h (13). Then granule cells change the direction of migration from tangential to radial at the border between the EGL and molecular layer (ML) (13-15). Next, granule cells migrate radially through the ML and Purkinje cell layer (PCL) to reach their final destination, the internal granular layer (IGL), where they reside in the adult cerebellum (16, 17) .
During the last 2 decades, real-time observation of cell movement demonstrated that granule cells display a distinct mode, tempo, and rate of migration as they traverse different cortical layers (13) (14) (15) (16) (17) . It became apparent that granule cell migration is controlled by the orchestrated activity of multiple molecular events at the right time and right place, including pathway selection, activation of specific receptors and channels, and assembly and disassembly of cytoskeletal components (18) (19) (20) (21) (22) . However, the question of how natural environmental stimuli are involved in controlling granule cell migration has been poorly understood. In this study, we hypothesized that light stimuli play a role in regulating granule cell migration. To test this hypothesis, we determined whether and how light stimuli affect granule cell migration in early postnatal mouse cerebella using newly developed methods that allow us to observe granule cell migration in vivo in real time.
Results

Speed of Granule Cell Migration in Vivo Depends on Light-Dark
Cycles. To examine whether light-dark cycles affect granule cell migration in vivo, newborn mice were exposed to a standard light-dark cycle (a light cycle from 7:00-19:00 and a dark cycle from 19:00-7:00) until granule cell migration was observed at postnatal day 10 (P10). Light intensity was ∼50 lx inside the mouse cages, which were covered with air-filter lids (250 lx in the animal room) during light cycles and was <0.001 lx inside the cages during dark cycles. At P10, the relationship between light-dark cycles and granule cell migration in the EGL was determined. At the middle and bottom of the EGL, granule cells had a horizontally oriented soma with two horizontally extending processes (a leading process and a trailing process) ( Fig. 1 A and  B) (13, 14) . To monitor granule cell migration in the EGL, a small amount of 1,1′-dioctadecyl-3,3,3′,3′ tetramethylindocarbocyanine perchlorate (DiI) solution was injected into the EGL of lobules V, VI, and VII of the cerebellum (Fig. 1C) . Two hours after the DiI injection, the migration of DiI-labeled granule cells was observed using confocal microscopy (Fig. 1D) . Time-lapse recordings of cell movement revealed the tangential migration of DiI-labeled granule cells (marked by white and green asterisks in Fig. 1D ) at the bottom of the EGL. Granule cells repeatedly changed their speed of migration. For example, a DiI-labeled granule cell in the EGL sequentially changed its average speed of migration from 8.6 ± 2.9 μm/h (range, 4.6-13.2 μm/h) during the dark-cycle period of 0:00-5:00 (Fig. 1F ) to 19.4 ± 4.9 μm/h (range, 11.4-27.5 μm/h) during the light-cycle period of 10:00-15:00 (Fig. 1G ) and to 8.9 ± 3.8 μm/h (range, 3.2-14.8 μm/h) during the dark-cycle period of 19:00-24:00 (Fig. 1H) . Analysis of the relationship between light-dark cycles and speed of migration indicated that granule cells migrate faster during light cycles and more slowly during dark cycles (Fig. 1I) . The average speed of granule cell migration in the EGL was 14.7 ± 2.3 μm/h (n = 85), with a range of 8.2-17.3 μm/h, during light cycles and 10.1 ± 1.5 μm/h (n = 85), with a range of 7.4-12.8 μm/h, during dark cycles.
To confirm that daily changes in the speed of granule cell migration result from the light stimuli, newborn mice were exposed to a reversed light-dark cycle (a light cycle from 19:00-7:00; a dark cycle from 7:00-19:00) until P10. Reversing lightdark cycles caused corresponding changes in the speed of granule cell migration in the EGL (Fig. 1J) . The average speed of granule cell migration was 14.3 ± 2.0 μm/h (n = 81), with a range of 9.2-17.2 μm/h, during light cycles, and 9.0 ± 1.4 μm/h (n = 81), with a range of 6.1-10.7 μm/h, during dark cycles. Collectively, these results suggest that the speed of granule cell migration depends on light-dark cycles.
Light Stimuli Control Cerebellar and Serum Insulin-Like Growth
Factor-1 Levels. Next, we examined the cellular mechanisms by which light stimuli control granule cell migration. Among myriad molecules that potentially are responsible for light stimulus-induced changes in granule cell migration, we chose insulin-like growth factor 1 (IGF-1) as a candidate molecule. The majority of IGF-1 is synthesized by the liver and is secreted in the blood (23) . Circulating IGF-1 crosses the blood-brain barrier easily, so cerebellar IGF-1 levels vary in parallel with serum IGF-1 levels (24). IGF-1 also is synthesized in the developing cerebellum (25) . For example, Purkinje cells produce IGF-1 during the first two postnatal weeks (25) . Many neurons, including cerebellar granule cells, express IGF-1 receptors before the initiation of migration (26) (27) (28) . Furthermore, it has been reported that in the adult rodent, IGF-1 levels in serum are high during light cycles and are low during dark cycles (29, 30) . Therefore we examined whether the serum and cerebellar IGF-1 levels of P10 mice change during light-dark cycles. ELISAs revealed that IGF-1 levels in the serum as well as the cerebellum of P10 mice fluctuate over time and are high during light cycles and low during dark cycles ( Fig. 2 A and B) . Under standard light-dark cycles, the average IGF-1 levels were 154.1 ± 12.7 ng/mL (n = 24) in the serum and 12.1 ± 1.1 ng/mg protein (n = 24) in the cerebellum during light cycles and 85.1 ± 9.0 ng/mL (n = 24) in the serum and 5.8 ± 0.6 ng/mg protein (n = 24) in the cerebellum during dark cycles. Likewise, under reversed light-dark cycles, the average IGF-1 levels were 163.1 ± 14.9 ng/mL (n = 24) in the serum and 12.8 ± 0.5 ng/mg protein (n = 24) in the cerebellum during light cycles and 75.7 ± 13.4 ng/mL (n = 24) in the serum and 5.7 ± 1.1 ng/mg protein (n = 24) in the cerebellum during dark cycles (Fig. 2 C and D) . These results indicate that cerebellar and serum IGF-1 levels of P10 mice depend on light stimuli: IGF-1 levels are high during light cycles, when granule cells migrate faster, and low during dark cycles, when granule cells migrate more slowly.
IGF-1 Accelerates Granule Cell Migration in Vitro Through IGF-1
Receptors. Our working hypothesis is that light stimuli control granule cell migration by altering cerebellar IGF-1 levels. To test this hypothesis, we examined the role of IGF-1 in granule cell migration. We used microexplant cultures of postnatal day 3 (P3) mouse cerebella, where granule cells migrate for 50-60 h in the absence of contact with other cells and processes (31) . Timelapse imaging of cell movement revealed that the addition of IGF-1 (100 ng/mL) to the culture medium immediately accelerates granule cell migration from 39.7 μm/h to 87.1 μm/h (Fig. 3  A-C) . The effects of IGF-1 on the speed of granule cell migration depended on the dose: At 20 ng/mL, IGF-1 increased the speed to 111%, at 50 ng/mL IGF-1 increased the speed to 127%, at 100 ng/mL IGF-1 increased the speed to 142%, and at 200 ng/ mL IGF-1 increased the speed to 164% of the control rate (Fig.  3D) . How does IGF-1 accelerate granule cell migration? To date, little is known about the role of IGF-1 in neuronal cell migration. IGF-1 may accelerate granule cell migration by stimulating the Ca 2+ signaling pathway. It has been reported that IGF-1 increases voltage-gated Ca 2+ channel currents in a PI3K-dependent manner through the activation of IGF-1 receptors (32). The speed of granule cell migration is highly sensitive to changes in Ca 2+ currents and Ca 2+ influx (33) (34) (35) (36) . To test this possibility, we inhibited the activity of IGF-1 receptors with the use of picropodophyllin (PPP), a specific IGF-1 receptor inhibitor (37) . The application of PPP (1 nM or 1 μM) alone did not alter the speed of granule cell migration, but when added with IGF-1 (100 ng/mL), it eliminated the effects of IGF-1 on migration (Fig. 3D) . Likewise, inhibiting the activity of PI3K with LY294002 (5 μM) and PKC with calphostin C (100 nM) abolished the effects of IGF-1 (100 ng/mL) on the speed of granule cell migration (Fig. 3D) . These results indicate that IGF-1 accelerates granule cell migration by enhancing PI3K-and PKCrelated signaling pathways through the activation of IGF-1 receptors.
Light Stimuli Regulate Granule Cell Migration in Vivo by Altering IGF-1 Receptor Activity. Our results suggest that changes in cerebellar and serum IGF-1 levels induced by light stimuli may affect granule cell migration in vivo by altering the activity of IGF-1 receptors. To test this possibility, we injected exogenous IGF-1 or PPP into the dorsal surface of P10 mouse cerebella during light cycles (when cerebellar IGF-1 levels are high and granule cells migrate faster) and during dark cycles (when cerebellar IGF-1 levels are low and granule cells migrate more slowly). In mice exposed to standard light stimuli and mice exposed to revised light stimuli during P0-P10, the application of exogenous IGF-1 (5 μL, 100 ng/mL) significantly accelerated granule cell migration during dark cycles (Fig. 4 A, D , F, and G) but did not alter migration during light cycles (Fig. 4 B, C, E, and H) . In contrast, the application of PPP (5 μL, 1 μM) did not alter granule cell migration during dark cycles (Fig. 4 A, D , F, and G) but significantly decelerated migration during light cycles (Fig. 4 B, C, E, and H) . These results indicate that the fluctuations of cerebellar and serum IGF-1 levels induced by light stimuli control the speed of granule cell migration by altering the activity of IGF-1 receptors. of light-dark cycles/d may alter the number of daily changes in the speed of granule cell migration and cerebellar IGF-1 levels. To address this possibility, newborn mice were exposed to four light-dark cycles/d (schematically presented in Fig. 5A ) from P0-P10. At P10, fluctuations in the speed of granule cell migration in the EGL and cerebellar IGF-1 levels were examined. Four cycles of light-dark stimulus/d resulted in a corresponding number of fluctuations in migration speed and cerebellar IGF-1 levels (Fig.  5 B and C) . The speed of migration and cerebellar IGF-1 levels were high during light cycles and low during dark cycles (Fig. 5 B  and C) . These results suggest that the number of cyclic changes in the speed of granule cell migration and cerebellar IGF-1 levels depends on the number of light-dark cycles.
Light Stimuli Directly Control the Speed of Granule Cell Migration and
Cerebellar IGF-1 Levels. The present results suggest light-dark cycles have a role in controlling granule cell migration, but whether changes in granule cell migration are caused by light exposure itself or any prior entrainment to maternal circadian rhythms remains to be determined. Maternal circadian rhythms, which are controlled by light-dark cycles, may impart changes in physiological homeostasis of pups by hormonal sleep-wake oscillations in milk or through variations in maternal behavior, leading to alterations of granule cell migration. To explore this possibility, we examined whether altering the light-dark cycle schedule used for light stimuli over P0-P10 during the observation of granule cell migration affects the speed of granule cell migration and/or cerebellar IGF-1 levels. To this end, newborn mice were exposed to four light-dark cycles/d (Fig. 5A ) from P0-P10. At the beginning of observation of migration, the light-dark cycle schedule was changed to a 6-h light period followed by a 10-h dark period (Fig. 5D) . The new light-dark cycles were repeated during observation. Interestingly, changes to the new light-dark cycles resulted in corresponding changes in the speed of granule cell migration and cerebellar IGF-1 levels (Fig. 5 D  and E) . The speed of granule cell migration and cerebellar IGF-1 levels increased during new light cycles and decreased during new dark cycles (Fig. 5 D and E) . These results suggest that light stimuli affect the speed of granule cell migration and cerebellar IGF-1 levels independent of any prior maternal entrainment.
Discussion
The present study suggests that light stimuli control the speed of granule cell migration during early postnatal development by altering cerebellar IGF-1 levels. To date, little is known about how light exposure affects the speed of granule cell migration, but we hypothesize a possible cascade from light exposure to alterations of granule cell migration (as shown schematically in Fig. S1 ). Although the cascade is highly speculative, it provides a template for studying the cellular mechanisms underlying light exposure-induced changes in granule cell migration.
At hospitals and homes, preterm and full-term human babies are exposed to various light stimuli. Although the effects of light stimuli on granule cell migration in the developing cerebellum are largely unknown, the present results suggest that alterations in light stimuli may induce deficits in granule cell migration in human babies and may have long-lasting consequences on neuronal growth and brain function later in life, because the cell density and dendrite length of granule cells are significantly reduced at an adult age in the cerebellum of mice exposed to altered light stimuli during early postnatal development, (Fig. S2) . Which combinations of durations, cycles, and intensities of light exposure at hospitals and homes result in beneficial or harmful effects on granule cell migration in the developing cerebellum needs to be determined.
The question of how the alterations in speed of granule cell migration are important for cerebellar development remains to be determined. However, there is a possible explanation. Our previous studies demonstrated that in P10 mouse cerebella, granule cells first move tangentially about 220 μm in the EGL and then migrate radially about 250 μm to reach their final position in the IGL (11) . The average transit time of granule cells is 25.0 h in the EGL, 9.8 h in the ML, 5.2 h in the PCL, and 11.1 h in the IGL, indicating that granule cells move from their origin to their final destination within about 2 d (average, 51 h) (11) . Our in vitro studies also indicate that the duration of migration of each granule cell, which is determined by intrinsic programs, is limited to 50-60 h after the initiation of their movement (31) . Indeed, the deceleration of granule cell migration in P10 mice by i.p. injection of 5 g/kg body weight (b.w.) ethanol results in a reduction in the number of granule cells that have arrived in the IGL 2 d after injection (at P12) and induces a reduction in the cell density of granule cells in the IGL 10 d after injection (at postnatal day 20, P20) (Fig. S3) . These results suggest that, through altering the speed of migration, light stimuli may play a role in cerebellar development by controlling the number of granule cells that have reached their final destination and, subsequently, the formation of the IGL.
In the early postnatal cerebellum, there are two sources of IGF-1: (i) serum IGF-1 secreted from the liver, which crosses the blood-brain barrier and enters the cerebellum (24) , and (ii) IGF-1 produced locally within the cerebellum, which is synthesized primarily by Purkinje cells (25) . In cerebellar microexplant cultures, the addition of the IGF-1 receptor inhibitor PPP to the cultures did not alter the speed of granule cell migration (Fig.  3D) , suggesting that IGF-1 secreted by Purkinje cells does not play a major role in controlling granule cell migration in vitro. The question of which IGF-1 (e.g., whether serum IGF-1, locally produced IGF-1, or both) plays a crucial role in light exposureinduced changes in granule cell migration remains to be determined. The use of liver-specific IGF-1-deficient mice, which exhibit a significant reduction in serum IGF-1 levels but still survive to adulthood (38) , may provide the answer.
Light-dark cycles may have a long-lasting effect on granule cell migration. To explore this possibility, we examined granule cell migration in microexplant cultures prepared from mouse pups that had been exposed to standard light-dark cycles or to reversed light-dark cycles from P0-P10. We found that there was no difference in the average speed of granule cell migration between standard and reversed light-dark cycle groups. At 20 h after in vitro, the average speed was 53.5 ± 2.6 μm/h (n = 62) in the standard light-dark cycle group and 52 ± 2.2 μm/h (n = 66) in the reversed light-dark cycle group. In both standard lightdark cycle groups and reversed light-dark cycle groups, granule cells did not change their speed of migration during corresponding periods of light-dark cycles. These results suggest that light-dark cycles have no effect on granule cell migration in vitro, suggesting that light-dark cycles do not cause a longlasting effect on granule cell migration. These results also suggest that changes in the speed of granule cell migration observed in vivo are not cell-autonomous.
High intensities of light exposure may cause an adverse physiological response, which in return alters granule cell migration. Because it has been shown that light exposure induces avoidance behavior in early postnatal mice (12) , light stimuli may increase stress levels of the pups, potentially affecting granule cell migration. Therefore, to comprehensively understand the role of light stimuli in granule cell migration and cerebellar development, it is necessary to examine what degree of light exposure may induce toxic effects on the proliferation, migration, and differentiation of immature neurons.
In the wild, mouse pups are born in underground burrows and are reared in a dark environment for several weeks. Therefore, Sequential changes in the average speed of granule cell migration in the EGL (D) and cerebellar IGF-1 levels (E) of P10 mice by breaking the light-dark cycle schedule. Mouse pups were exposed to four light-dark cycles/d from P0-P10. To break the light-dark cycles that were used from P0-P10, the light-dark cycle schedule was changed at the beginning of observation of migration to a 6-h light period followed by a 10-h dark period. The data in D were obtained from 52 migrating granule cells, and each data point in E was obtained from 16 mice. Error bars indicate SD.
light exposure may not play a critical role in granule cell migration of mouse pups in the wild. On the other hand, light stimuli may play a crucial role in controlling granule cell migration of animals such as primates and ungulates that are reared above ground.
To date, little is known about whether light stimuli affect the migration of neurons other than cerebellar granule cells. During the period of active migration of granule cells, stellate cells and basket cells (GABAergic interneurons) migrate from the deep white matter to the ML of the cerebellum, and unipolar brush cells (glutamatergic interneurons) migrate to the IGL (39) . Outside the developing cerebellum, granule cells in the hippocampal dentate gyrus migrate during the same period as cerebellar granule cells (40) . Because it has been reported that many immature neurons express IGF-1 receptors before the initiation of migration (26) (27) (28) 41 ) and serum IGF-1 can enter the brain through the blood-brain barrier, light stimuli may play a role in controlling the migration of these neurons.
Materials and Methods
Details of materials and methods used are presented in SI Materials and Methods. All animal procedures were approved by the Internal Animal Care and Use Committee of the Cleveland Clinic Foundation and University of Rouen.
Light Stimuli. At P0, newborn mice (CD-1, both sexes) were divided into two experimental groups: a standard light-dark cycle group and a reversed light-dark cycle group. The light intensity inside the mouse cage (which was covered with an air-filter lid) was ∼50 lx during the light cycle and <0.001 lx during the dark cycle.
Observation of Granule Cell Migration in Vivo. At P10, deep anesthesia was induced by i.p. injection of urethane (1 μg/g b.w.). A small volume of DiI solution was injected into the EGL of the lobules V, VI, and VII of the cerebellum. Two hours after DiI injection the mice were transferred to the stage of a confocal microscope and were held dorsal-side down on the stage. Images of DiI-labeled granule cells in the EGL were collected for up to 30 h.
Observation of Granule Cell Migration in Vitro. Small pieces of cerebella from P3 mice were placed on 35-mm glass-bottomed dishes. The culture medium consisted of Neurobasal medium with N2 supplement, 90 U/mL penicillin, and 90 μg/mL streptomycin. Each dish was placed in a CO 2 incubator. Twenty hours after plating, dishes were transferred into the chamber of a microincubator attached to the stage of a confocal microscope. Transmitted images of granule cells were collected for up to 10 h.
Measurement of Serum and Cerebellar IGF-1 Concentrations. At P10, serum and cerebellar IGF-1 levels were measured using an ELISA kit.
Statistical Analysis. Statistical comparisons were made using the Student's t test.
